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HIGHLIGHTS 


►  C/CrN  multilayer  coatings  with  dense  structure  and  high  percentage  of  sp2  bond  are  deposited  on  SS316L. 

►  C/CrN  multilayer  coatings  exhibit  superior  surface  conductivity  that  is  even  better  than  that  of  graphite. 

►  Electrochemical  results  disclose  that  the  C/CrN  multilayer  coatings  have  excellent  corrosion  resistance. 
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The  two  most  important  issues  that  plague  wider  use  of  stainless  steel  bipolar  plates  in  polymer  elec¬ 
trolyte  membrane  fuel  cells  (PEMFCs)  are  insufficient  corrosion  resistance  and  surface  conductivity.  In 
this  study,  C/CrN  multilayer  coatings  are  deposited  on  316L  stainless  steel  samples  by  close-field 
unbalanced  magnetron  sputtering  ion  plating.  SEM  shows  that  the  C/CrN  coatings  are  dense,  contin¬ 
uous,  and  composing  of  carbon  granules  on  the  surface.  Raman  spectroscopy  reveals  an  amorphous 
structure  with  a  large  sp2  constituent.  The  corrosion  resistance  and  interfacial  contact  resistance  (ICR)  are 
investigated  systematically.  A  superior  ICR  in  the  range  of  2.6-2.9  mQ-cm2  at  a  compaction  force  of 
150  N/cm2  is  achieved  and  it  is  even  better  than  that  of  graphite.  The  deposited  film  possesses  high 
chemical  inertness  thereby  significantly  enhancing  the  corrosion  resistance  of  the  coated  SS316L.  A 
thickness  of  800  nm  is  sufficient  to  protect  against  corrosion.  C/CrN  multilayer  coatings  are  beneficial  in 
that  it  can  lead  to  a  faster  PVD  deposition  process  and  lower  material  cost,  while  permitting  a  superior 
performance  in  terms  of  surface  conductivity  and  corrosion  resistance. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  have  attrac¬ 
ted  much  research  and  practical  interests  due  to  growing  envi¬ 
ronmental  concerns  and  limited  fossil  fuel  reserves.  It  is  in  fact  one 
of  the  most  promising  power  sources  for  transportation  and 
distributed  power  generation  because  of  the  high  efficiency  and 
power  density,  carbon  emission-free  operation,  and  low  working 
temperature  [1].  However,  the  high  manufacturing  cost  and 
insufficient  durability  have  prevented  PEMFCs  from  wider 
commercial  acceptance. 

The  bipolar  plates  (BBPs)  are  a  key  multifunctional  component  in 
the  PEMFCs  contributing  over  80%  of  the  total  stack  weight,  more 
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than  20%  of  materials  cost,  and  10%  total  fuel  cell  stack  cost  [2].  They 
serve  to  separate  individual  cells,  act  as  both  the  anode  and  cathode, 
collect  the  electrical  current  from  the  fuel  cells,  introduce  the 
reactive  gases,  and  remove  the  heat  and  exhaust  water  [3].  Techni¬ 
cally,  BBPs  must  have  high  interfacial  electrical  conductivity,  good 
corrosion  resistance,  high  gas  impermeability,  good  mechanical 
performance  and  low  cost  [4].  Stainless  steels  are  one  of  the  suitable 
bipolar  plate  materials  because  they  can  satisfy  most  requirements 
[4-7].  However,  surface  modifications  are  still  required  in  order  to 
enhance  the  interfacial  electrical  conductivity,  inhibit  corrosion,  and 
ensure  adequate  service  life  in  the  harsh  PEMFC  working  environ¬ 
ment  [8—10].  A  thinner  surface  coating,  which  enhances  the  power 
density  and  offers  easier  thermal  management  and  reduced  pack¬ 
aging  requirements,  is  especially  attractive  in  commercial  applica¬ 
tions.  The  service  lifetime  can  also  be  addressed  by  improving  the 
recyclability  of  coated  stainless  steel  BBPs. 
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Many  types  of  coatings  prepared  by  various  methods  have  been 
investigated  as  possible  bipolar  plate  materials.  For  example,  metal 
nitrides  coatings  such  as  TiN  and  CrN  prepared  by  physical  vapor 
deposition  (PVD)  have  received  increasing  attention  due  to  the 
electrical  conductivity  [11]  and  high  chemical  inertness  [12-19]. 
However,  these  metal  nitride  coatings  are  prone  to  local  corrosion 
and  the  corrosion  current  density  has  been  reported  to  increase 
dramatically  after  long  time  immersion  in  the  simulated  PEMFC 
environment  [16,17].  This  mainly  arises  from  defects  in  the  coating 
such  as  pinholes  and  macroparticles  created  during  PVD  [20].  In 
order  to  eliminate  pinholes  in  the  coatings,  multilayer  coatings 
have  been  deposited  on  metallic  bipolar  plates.  Zhang  et  al.  [21,22] 
deposited  Cr/CrN/Cr  multilayers  on  stainless  steel  316L  (SS316L)  by 
arc  ion  plating.  It  was  observed  that  the  corrosion  current  density  in 
the  simulated  anode  and  cathode  environments  diminished  by  one 
order  of  magnitude  and  the  interfacial  contact  resistance  (ICR)  at 
150  N  cm-2  dropped  to  30-35  mQ-cm2  [21].  Tian  [23]  produced 
CrN/Cr  multilayers  on  SS316L  to  increase  the  corrosion  resistance 
and  surface  conductivity,  and  a  current  density  approaching  to 
1  pA/cm2  and  ICR  of  35  mQ-cm2  at  a  compaction  force  of  150  N/cm2 
were  achieved. 

Compared  to  metal  nitrides  coatings,  amorphous  carbon  coat¬ 
ings  possess  higher  electrical  conductivity  and  chemical  inertness. 
We  have  successfully  deposited  dense  and  adherent  amorphous 
carbon  coating  on  SS316L  by  closed  field  unbalanced  magnetron 
sputtering  ion  plating  (CFUBMSIP)  [24-26].  This  coating  has  good 
corrosion  resistance  and  also  excellent  surface  conductivity  that  is 
even  better  than  that  of  graphite  due  to  the  relatively  large  sp2 
component.  Nevertheless,  the  deposition  rate  is  quite  small  and  it 
usually  takes  several  hours  to  deposit  a  thick  enough  coating  due  to 
the  extremely  low  sputtering  yield  of  carbon  (usually  lower  than 
0.1)  during  the  PVD  process.  In  this  paper,  we  describe  a  new 
multilayer  coating  composed  of  amorphous  carbon  as  the  outer 
layer  and  CrN  as  the  inner  layer  (C/CrN  multilayer).  Combining  both 
of  these  coatings  together  could  be  an  effective  way,  in  terms  of 
both  process  efficiency  and  economics,  to  produce  low-cost  coat¬ 
ings  for  the  performance  enhancement  and  protection  of  stainless 
steel  BPPs  in  PEMFC. 

2.  Experimental  details 

2.1.  Substrate  materials 

The  substrate  in  this  study  was  SS316L  purchased  from  Trinity 
Brand  Industries  (TBI)  Inc.,  US  with  the  following  chemical 
compositions:  C<0.03%,  Si  <  1%,  Mn<2%,  Ni  8-12%,  Cr  16-18%, 
Mo  2-3%,  S  <  0.03%,  P  <  0.04%,  and  Fe  balance.  The  SS316L 
samples  were  cut  into  12  mm  x  12  mm  x  4  mm  pieces,  polished 
with  No.  1500  SiC  waterproof  abrasive  paper,  cleaned  with  acetone 
and  distilled  water  in  an  ultrasonic  bath,  and  dried  before  sub¬ 
jecting  to  PVD. 

2.2.  Coating  design  and  deposition  parameters 

All  the  coatings  were  deposited  on  a  Teer  UDP  650  CFUBMSIP 
system.  Deposition  was  carried  out  using  a  high  density  of  low 


energy  bombarding  ions,  thus  resulting  in  very  dense,  non- 
columnar  coating  structures  with  low  internal  stress.  The  C/C rN 
multilayer  coatings  were  deposited  using  two  chromium  targets 
and  two  graphite  (C)  targets.  After  the  chamber  was  pumped  down 
to  a  pressure  of  2.0-3.5  x  10-5  torr,  argon  was  introduced  to  reach 
a  working  pressure  between  8.0  x  10-4  and  2.0  x  1CT3  torr 
depending  on  the  required  coating.  The  detail  deposition  parame¬ 
ters  are  shown  in  Table  1.  Prior  to  deposition,  the  substrate  was 
biased  to  -500  V  and  a  small  current  of  0.4  A  was  applied  to  each  Cr 
magnetron  target  to  clean  and  remove  the  native  passive  film  on 
the  surface.  A  thin  ( ~  100  nm)  Cr  metallic  seed  layer  was  deposited 
when  6  A  was  supplied  to  each  Cr  target  to  enhance  adhesion. 
Afterward,  a  CrN  layer  was  reactively  sputtered  in  a  mixture  of 
argon  and  nitrogen  and  the  flow  rates  were  controlled  to  yield  the 
required  coating  stoichiometry.  Before  deposition  of  the  carbon 
coating,  a  thin  intermediate  CrN  layer  doped  with  carbon  was 
deposited  as  an  interfacial  layer  by  reducing  the  current  supplied  to 
the  Cr  target(s)  and  increasing  simultaneously  the  current  supplied 
to  the  carbon  targets  from  0.2  A  to  7  A.  Finally,  the  carbon  layers 
were  deposited.  The  carbon  coatings  deposited  for  1800,  3600, 
5400,  and  7200  s  are  designated  as  C/CrN-1,  C/CrN-2,  C/CrN-3,  and 
C/CrN-4,  respectively  in  this  work. 

2.3.  Characterization 

The  surface  morphology  and  cross  section  of  the  C/CrN  multi¬ 
layer  coatings  were  examined  by  field-emission  scanning  electron 
microscopy  (FE-SEM)  of  HITACHI  S-4800.  Energy-dispersive  X-ray 
spectroscopy  (EDS)  was  carried  out  to  determine  the  cross-section 
chemical  distribution.  The  surface  morphology  after  potentiostatic 
tests  was  observed  in  order  to  investigate  the  mechanism  and 
extent  of  corrosion  on  the  surface.  Raman  spectroscopy  was  con¬ 
ducted  on  the  Bruker  Optics  Senterra  R200-L  to  determine  the 
chemical  structure. 

2.4.  ICR  measurement 

The  ICR  was  measured  from  the  structures  consisting  of  two 
pieces  of  conductive  carbon  paper  (Toray  TGP-H-090)  sandwiched 
between  the  sample  and  two  copper  plates.  A  constant  current  of 
0.1  A  was  applied  through  the  two  copper  plates  and  the  voltage 
was  monitored  as  a  function  of  steadily  increasing  compaction 
force.  More  details  about  the  procedures  can  be  found  in  the 
literature  [9]. 

2.5.  Electrochemical  tests  and  ICP  measurement 

Potentiodynamic  tests,  potentiostatic  tests,  and  inductively 
coupled  plasma  atomic  emission  spectrometry  (ICP-AES)  were 
conducted  on  the  Zahner  Zennium  electrochemical  workstation  to 
evaluate  the  corrosion  resistance  and  corrosion  rate  of  the  bare  and 
C/CrN  multilayer-coated  SS316L.  The  three-electrode  system 
comprising  a  platinum  sheet  (counter  electrode),  saturated  calomel 
electrode  (SCE,  as  the  reference  electrode),  and  sample  (working 
electrode)  was  used.  The  electrochemical  tests  were  conducted  in 
0.5  M  H2S04  +  2ppm  HF  solution  at  80  °C  to  simulate  the 


Table  1 

Detailed  deposition  parameters. 


Deposition  process 

Cr  target  current  (A) 

C  target  current  (A) 

Bias  voltage  (V) 

N2  gas  flow  rate  (SCCM) 

Ar  gas  flow  rate  (SCCM) 

Deposition  time  (s) 

Cleansing 

0.4 

- 

-500 

- 

30 

600 

Cr  transition  layer 

6 

- 

-60 

30 

300 

CrN  coating 

6 

- 

-60 

25 

30 

1100 

C  coating 

- 

7 

-60 

- 

15 

1800,  3600,  5400,  7200 
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aggressive  PEMFC  environment.  The  solution  was  purged  with 
either  air  (to  simulate  cathode  environment)  or  hydrogen  gas  (to 
simulate  anode  environment)  prior  to  and  during  the  electro¬ 
chemical  test.  Before  the  electrochemical  test,  the  open  circuit 
potential  (OCP)  versus  time  was  recorded  for  1  h  to  ensure  elec¬ 
trochemical  stability.  Potentiodynamic  polarization  was  performed 
at  a  potential  scanning  rate  of  1  mV  s-1.  The  potentiostatic  test  was 
carried  out  to  investigate  the  performance  and  stability  of  the  bare 
and  C/CrN  multilayer-coated  samples  in  the  aggressive  PEMFC 
environment.  It  was  conducted  for  10  h  at  a  potential  of  0.6  V  versus 
SCE  while  purging  with  air  and  -0.1  V  vs  SCE  while  purging  with  H2 
to  simulate  the  cathode  and  anode  operating  environments, 
respectively.  The  experimental  error  of  the  current  in  the  electro¬ 
chemical  test  was  within  0.05%  in  the  range  of  1  nA  to  2.5  A.  After 
the  potentiostatic  test,  the  solution  ( ~  100  mL)  was  collected  and 
analyzed  by  inductively  coupled  plasma  atomic  emission  spec¬ 
trometry  (ICP-AES)  to  determine  the  amounts  of  Fe,  Cr,  and  Ni  ions 
released  to  the  solutions.  ICP-AES  showed  a  relative  standard 
deviation  of  1%  due  to  the  variability  in  the  plasma,  pumping  rate, 
and  nebulizer  efficiency. 

3.  Results  and  discussion 

3.1.  Surface  morphology 

The  surface  morphology  and  cross-section  of  the  C/CrN  multi¬ 
layer  coatings  on  SS316L  observed  by  SEM  are  shown  in  Figs.  1  and  2, 
respectively.  The  C/CrN  multilayer  coatings,  which  show  carbon 
granules  with  diameters  ranging  from  100  to  400  nm  are  compact 
and  dense  covering  the  entire  stainless  steel  substrate.  In  the 


Fig.  2.  SEM  cross-section  and  EDS  line-scan  of  the  C/CrN-3  samples. 


deposition  process,  the  coating  near  the  substrate  consists  of 
randomly  arranged  small  particles  out  of  which  V-shaped  columns 
emerge  slowly  and  overgrow  the  kinetically  unfavored  columns.  In 
general,  a  larger  particle  size  in  two  dimensions  in  the  SEM  results 
indicates  larger  density  of  the  coating.  The  diameter  of  the  carbon 
granules  increases  with  deposition  time  and  so  the  coating  depos¬ 
ited  for  a  longer  time  has  a  denser  structure.  The  cross-sectional  SEM 
and  EDS  line-scans  of  C,  Cr,  N,  Fe,  and  Ni  of  C/CrN-3  sample  are 
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Fig.  1.  SEM  images  of  the  surface  morphology  of  the  C/CrN  multilayer  coating  on  SS316L:  (a)  C/CrN-1,  (b)  C/CrN-2,  (c)  C/CrN-3,  (d)  C/CrN-4. 
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shown  in  Fig.  2.  The  C/CrN  multilayer  coatings  are  uniform  and 
dense  and  bond  well  to  the  SS316L  substrate.  Consequently,  the  C/ 
CrN  multilayer  coating  is  expected  to  prevent  the  substrate  from 
direct  corrosion.  The  total  coating  thickness  is  about  800  nm 
whereas  the  carbon  coating  is  approximately  400  nm  thick. 
Assuming  the  deposition  rate  is  constant  within  the  deposition  time, 
the  carbon  coating  thicknesses  of  C/CrN-1,  C/CrN-2  and  C/CrN-4 
samples  are  estimated  to  be  about  130  nm,  260  nm  and  530  nm, 
respectively. 

3.2.  Raman  analysis 

Fig.  3  depicts  the  Raman  spectrum  of  the  C/CrN-4  sample.  The 
Raman  spectrum  of  C/CrN-4  is  typical  of  a  graphite-like  carbon  film 
[27].  It  consists  of  a  large  amount  of  sp2  in  the  two-dimensional 
graphite  lattice  or  three-dimensional  graphite  microcrystals 
within  a  diameter  of  30  nm  and  disorder  bonds  at  the  boundaries  of 
the  graphite  microcrystals.  To  reveal  more  information  about  the 
structure,  the  Raman  spectrum  is  deconvoluted  by  two  Gaussian 
peaks.  The  D-bond  around  1360  cm-1  corresponds  to  the  disor¬ 
dered  bond  originating  from  disordered  structure  in  the  graphite 
lattice  [27]  and  the  peak  at  approximately  1560  cm-1  is  due  to  bond 
stretching  of  pairs  of  sp2  atoms  in  both  rings  and  chains.  The 
integrated  area  of  the  D-bond  is  higher  than  that  of  the  G-bond, 
indicating  that  the  proportion  of  disordered  structure  is  larger. 
Flowever,  both  the  G  and  D  bonds  are  due  to  sp2  bond  only.  The  G 
peak  is  due  to  the  bond  stretching  of  pairs  of  sp2  atoms  in  both  rings 
and  chains,  whereas  the  D  peak  is  due  to  the  breathing  modes  of 
the  Alg  symmetry  involving  phonons  near  the  K  zone  boundary. 
This  mode  is  forbidden  in  perfect  graphite  and  only  becomes  active 
in  the  presence  of  disorder  [28,29]. 

3.3.  Interfacial  contact  resistance  (ICR) 

The  ICR  values  of  C/CrN  multilayer-coated  SS316L  samples  are 
investigated  as  a  function  of  compaction  force  (shown  as  Fig.  4)  with 
graphite  as  the  reference.  In  general,  the  ICR  decreases  with 
compaction  force  logarithmically,  indicating  that  the  compaction 
force  is  dominant  in  the  reduction  of  the  ICR  in  the  region  with  lower 
compaction  force  while  the  surface  composition  is  the  predominant 
factor  in  the  region  with  higher  compact  force.  The  bare  SS316L 
exhibits  a  higher  ICR  value  of  370.1  mQ-cm2  at  150  N  cm-2  because 
the  thin  oxide  layer  produces  a  surface  passivation  state  [30]. 
However,  the  ICR  of  the  C/CrN  multilayer-coated  SS316L  is  much 


Fig.  3.  Raman  spectrum  of  the  C/CrN  multilayer  coating  on  SS316L. 


Fig.  4.  Variation  of  the  ICR  values  versus  compaction  force  determined  from  the  C/CrN 
multilayer-coated  SS316L  samples  as  well  as  graphite. 


Fig.  5.  Potentiodynamic  curves  obtained  from  the  bare  and  C/CrN  multilayer-coated 
SS316L  in  the  simulated  aggressive  PEMFC  solution:  (a)  purged  with  air  and  (b)  purged 
with  H2. 
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Fig.  6.  Potentiostatic  curves  of  the  bare  and  C/CrN  multilayer-coated  SS316L  in  the  (a) 
simulated  cathode  (0.6  V  vs  SCE  purged  with  air)  and  (b)  anode  environment  (-0.1  V 
vs  SCE  purged  with  H2). 

smaller,  in  the  range  2.6— 2.9  mO-cm2  at  150  N-cm-2,  even  when  the 
carbon  coating  thicknesses  are  varied.  The  ICR  of  the  C/CrN-coated 
stainless  steel  decreases  slightly  with  increasing  carbon  coating 
thickness.  It  is  known  that  the  ICR  is  mainly  influenced  by  the 
conductivity  of  the  sample  surface,  which  is  further  affected  by  the 
nature  of  the  coating  materials  such  as  the  chemical  composition, 
density,  and  bonding  type.  In  this  case,  as  the  chemical  composition 
and  bonding  type  are  same,  the  slight  reduction  in  the  ICR  with 
coating  thickness  can  be  attributed  to  the  increase  in  the  density  of 
the  thicker  coating.  Fig.  4  shows  that  the  ICR  of  the  C/CrN  multilayer- 
coated  SS316L  is  even  lower  than  that  of  graphite  and  it  is  slightly 
smaller  for  the  thicker  carbon  coating  due  to  the  good  electrical 
conductivity.  In  particular,  the  coatings  show  superior  conductivity 
compared  to  TiN  and  CrN,  about  30  mQ-cm2  [31  ]  and  10  mQ-cm2 


[14,15]  at  typical  compaction  forces,  respectively,  and  it  even 
approaches  that  of  a  10  nm  thick  Au  film  on  stainless  steel  [5]. 
Compared  to  the  ICR  of  the  amorphous  carbon  coating  previous  re¬ 
ported  (6.8  mQ-cm2  at  compaction  force  of  150  N  cm-2)  [24,25],  the 
C/CrN  multilayer  has  an  even  better  surface  conductivity.  The  ICR  is 
influenced  by  both  the  contact  area  between  the  sample  and  carbon 
paper  as  well  as  conductivity  of  the  sample  surface,  which  is  further 
affected  by  the  composition  of  the  coating  materials.  Therefore,  as 
the  contact  area  exerting  the  same  compaction  force  is  identical,  the 
overall  reduction  in  ICR  by  the  C/CrN  multilayer  coating  can  be 
attributed  to  the  incorporation  of  CrN  coating.  The  ICR  results  thus 
clearly  indicate  that  the  C/CrN  multilayer  coatings  can  significantly 
improve  the  surface  conductivity  of  the  stainless  steel  BPPs. 

3.4.  Potentio dynamic  test 

The  corrosion  resistance  is  one  of  the  most  important  charac¬ 
teristics  of  BPP  materials  in  fuel  cells.  The  potentiodynamic  polar¬ 
ization  behavior  of  the  bare  and  C/CrN  multilayer-coated  SS316L  in 
0.5  M  H2S04  +  2  ppm  HF  is  shown  in  Fig.  5.  SS316L  shows  a  nega¬ 
tive  corrosion  potential  around  -0.3  V  in  both  the  cathode  and 
anode  environments,  while  the  corrosion  potential  of  C/CrN 
multilayer-coated  SS316L  shifts  to  the  positive  direction  ranging 
from  0.3  V  to  0.4  V.  Thermodynamically,  a  higher  corrosion 
potential  means  higher  chemical  inertness  and  better  corrosion 
resistance.  In  the  cathode  environment,  SS316L  exhibits  a  broader 
passive  region  ranging  from  -0.1  V  to  0.9  V,  in  which  the  passiv¬ 
ation  current  density  maintains  its  value  regardless  of  potential 
increase.  Flowever,  the  passivation  current  density  at  the  cathodic 
operation  potential  (0.6  V)  is  as  high  as  11.26  pA-cnrr2  which  is  still 
unacceptable  for  applications  of  bipolar  plate  materials.  CrN-coated 
SS316L  shows  a  corrosion  potential  of  about  0.04  V  and  a  passiv¬ 
ation  current  density  at  0.6  V  of  2.14  pA-cnrT2.  As  for  the  C/CrN 
multilayer-coated  SS316L,  although  they  exhibit  a  different  polari¬ 
zation  behavior  and  narrower  passive  region,  the  passivation 
current  density  at  0.6  V  is  significantly  reduced  to  0.50-1.06  pA- 
cm“2.  It  is  noted  that  C/CrN-1  displays  a  higher  passivation  current 
density  and  C/CrN-2  shows  an  unstable  current  density  in  the  range 
of  0.4-0.6  V  caused  by  the  breakdown  and  re-passivation  of  the 
surface  coating  as  the  external  applied  voltage  is  scanned.  This 
result  indicates  that  the  carbon  coating  with  such  a  thickness 
probably  cannot  provide  sufficient  protection.  In  the  anode  envi¬ 
ronment,  the  anode  potential  is  at  the  margin  of  the  active  region  of 
the  SS316L  resulting  in  unstable  passivation  under  this  condition. 
For  CrN-coated  SS316L  sample,  the  corrosion  potential  is 
about  -0.05  V,  which  is  nobler  than  anode  operation  potential 
of  -0.1  V.  The  corrosion  potential  of  the  C/CrN  multilayer-coated 
SS316L  shifts  toward  the  positive  direction  reaches  about  0.2-0.3  V 
which  is  much  nobler  than  the  anodic  operation  potential  (-0.1  V). 
Flence,  the  coatings  provide  good  protection  for  the  stainless  steel 
BPPs  under  the  anodic  environmental  conditions.  The  potentiody¬ 
namic  test  results  indicate  that  coatings  provide  higher  chemical 
inertness  and  better  corrosion  resistance  in  both  the  cathode  and 
anode  environments. 


Table  2 

Fe,  Cr,  Ni  ion  concentrations  released  from  the  bare  and  C/CrN  multilayer-coated  SS316L  samples  after  potentiostatic  test. 


Sample  Ion  concentration  in  PEMFC  cathode  environment  after  10  h  (ppm)  Ion  concentration  in  PEMFC  anode  environment  after  10  h  (ppm) 
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Cr 
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0.039 
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- 
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- 
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0.025 
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- 

0.193 

0.231 
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3.5.  Potentiostatic  test  and  ICP  measurement 

The  bipolar  plate  under  the  real  PEMFC  working  conditions  is 
subjected  to  corrosion  at  an  applied  potential  (cathode  0.6  V  vs  SCE; 
anode  -0.1  V  vs  SCE)  which  is  different  from  the  free  corrosion 
potential.  Therefore,  the  potentiostatic  test  is  conducted  to 
benchmark  the  corrosion  resistance  in  the  aggressive  PEMFC 
environment.  In  the  cathode  environment,  0.6  V  vs  SCE  is  applied 
during  the  potentiostatic  test  while  purging  with  air  whereas  in  the 
anode  environment,  -0.1  V  vs  SCE  is  applied  while  purging  with  H2. 
Fig.  6(a)  shows  that  the  current  density  of  the  bare  SS316L 
decreases  rapidly  in  the  beginning  and  then  stabilizes  at  around 
1.3  pA-cm-2  in  the  cathode  environment.  The  fast  drop  in  the 
current  density  is  due  to  the  reformation  of  the  passive  film.  As 
soon  as  the  whole  surface  is  covered  by  a  new  passive  film,  the 
current  density  needed  to  maintain  passivation  is  relatively  low. 
CrN-coated  SS316L  sample  exhibits  a  current  density  of  around 
0.25  pA-cnrr2,  which  is  lower  than  that  of  the  bare  SS316L  while 
higher  than  that  of  C/CrN  multilayer-coated  SS316L.  With  regard  to 
the  C/CrN  multilayer-coated  SS316L,  the  current  densities  are 
maintained  at  much  lower  values  compared  to  SS316L  of  around 
90  pA-cm-2  for  C/CrN- 1  and  C/CrN-2  and  20  pA-cirT2  for  C/CrN-3 
and  C/CrN-4.  In  general,  a  lower  current  density  means  less  elec¬ 
trochemical  reaction  on  the  interface  between  the  solid  surface  and 
adjacent  electrolyte  as  well  as  smaller  metal  ion  release  rates. 
Therefore,  it  is  expected  the  amounts  of  released  metal  ions  from 
the  SS316L  can  be  significantly  reduced  by  this  C/CrN  multilayer 
coating.  Compared  to  the  C/CrN  multilayer  coating  with  different 
carbon  coating  thicknesses,  the  current  densities  of  C/CrN-1  and  C/ 
CrN-2  are  higher  than  those  of  C/CrN-3  and  C/CrN-4  due  to  the 
insufficient  carbon  coating  thickness.  Fig.  6(b)  displays  the  poten¬ 
tiostatic  curves  at  -0.1  V  vs  SCE  in  the  anode  environment.  The 
current  density  of  SS316L  decays  dramatically,  undergoes  a  posi¬ 
tive-negative  switch,  and  then  gradually  heads  to  the  positive 
direction  finally  stabilizing  at  a  relatively  low  negative  level.  The 
current  density  of  CrN-coated  SS316L  undergoes  vibration  at 
a  relative  negative  level,  indicating  that  the  CrN  coating  is  unstable 
in  the  anode  environment.  The  current  measured  from  the  C/CrN 
multilayer-coated  SS316L  exhibits  a  different  polarization  behavior. 
It  increases  in  the  beginning  and  gradually  stabilizes  at  a  lower 
current  density.  The  cathodic  current  discloses  that  the  samples  are 
cathodically  protected  because  the  corrosion  potential  of  these 
samples  are  nobler  than  the  anodic  operation  potential  of  -0.1  V. 

The  metal  ions  in  the  solution  arising  from  corrosion  are  very 
important  in  gauging  the  performance  of  the  bipolar  plates.  Thus, 
a  post  corrosion  analysis  of  the  test  solution  for  metal  ions  is  per¬ 
formed  to  determine  the  extent  of  metal  dissolution  during  this 
process.  Here,  the  dissolved  metal  ions  are  determined  by  ICP  and 
the  results  are  summarized  in  Table  2.  The  total  metal  ion 
concentrations  leached  from  the  bare  SS316L  are  9.19  ppm  and 
7.79  ppm  after  the  potentiostatic  test  in  the  simulated  cathode  and 
anode  PEMFC  environments,  respectively.  In  contrast,  the  metal  ion 
concentrations  leached  from  the  C/CrN  multilayer-coated  SS316L 
are  greatly  reduced  due  to  the  higher  chemical  inertness  and  better 
corrosion  resistance  as  indicated  by  electrochemical  test  results.  C/ 
CrN-1  exhibits  Fe  selective  dissolution  in  both  the  cathode  and 
anode  environment  and  the  metal  ion  concentration  is  higher  than 
those  released  from  the  other  C/CrN  multilayer-coated  samples. 
This  is  because  that  the  insufficient  carbon  coating  thickness  of  C/ 
CrN-1  cannot  fully  prevent  SS316L  from  corrosion.  C/CrN-2  also 
displays  Fe  selective  dissolution  in  the  cathode  environment.  The 
metal  ion  concentration  is  lower  in  the  anode  environment  and 
being  0.288  ppm.  With  regard  to  C/CrN-3  and  C/CrN-4,  the  metal 
ion  concentrations  are  small  in  the  both  cathode  and  anode  envi¬ 
ronments,  and  that  of  C/CrN-4  is  the  lowest,  being  0.193  ppm  and 


0.236  ppm  in  the  cathode  and  anode  environment,  respectively.  In 
conjunction  with  the  electrochemical  test  results,  the  ICP  results 
agree  well  with  electrochemical  results,  indicating  that  the  corro¬ 
sion  resistance  is  closely  related  to  the  carbon  coating  thickness. 
The  coating  thickness  of  C/CrN-3  is  the  minimum  in  order  to 
provide  sufficient  protection  against  corrosion. 

3.6.  Surface  morphology  after  potentiostatic  tests 

The  SEM  images  of  the  C/CrN  multilayer-coated  SS316L  after 
potentiostatic  tests  are  depicted  in  Fig.  7.  Fig.  7(a)— (d)  shows  the 
surface  morphology  after  potentiostatic  tests  under  simulated 
cathode  conditions.  Several  pitting  corrosion  sites  (dark  areas)  can 
be  found  on  the  surface  of  C/CrN-1  and  C/CrN-2  indicative  of  pitting 
corrosion  during  the  potentiostatic  tests.  Most  of  the  pitting 
corrosion  occurs  at  the  boundary  of  the  carbon  granules  due  to  the 
insufficient  carbon  coating  thickness  and  explains  the  larger  metal 
ion  concentrations  released  from  C/CrN-1  and  C/CrN-2.  In  contrast, 
C/CrN-3  and  C/CrN-4  show  no  obvious  change  in  the  surface 
morphology,  indicating  a  C/CrN  multilayer  coating  thickness  of 
800  nm  (carbon  coating  thickness  of  400  nm)  can  prevent  the 
substrate  from  corrosion  in  the  simulated  cathode  environment. 
The  surface  morphology  of  the  C/CrN  multilayer-coated  SS316L 
after  potentiostatic  tests  under  simulated  anode  conditions  are 
shown  in  Fig.  7(e)— (h).  C/CrN-1  undergoes  pitting  corrosion,  which 
agrees  well  with  the  ICP  result.  The  surface  morphologies  observed 
from  C/CrN-2,  C/CrN-3,  and  C/CrN-4  do  not  show  an  appreciable 
difference  with  the  exception  of  some  adsorbed  white  corrosion 
byproducts  on  the  surface.  It  should  be  noted  that  the  circular  dark 
area  in  Fig.  7(g)  is  not  pitting  pore  but  due  to  corrosion  byproducts 
adhered  on  the  surface.  According  to  the  electrochemical  tests,  ICP, 
and  SEM  results,  a  minimum  coating  thickness  of  800  nm  can  yield 
sufficient  protection  and  such  a  thin  coating  reduces  the  mass 
production  cost. 

4.  Conclusion 

C/CrN  multilayer  coatings  are  deposited  on  SS316L  samples  by 
CFUBMSIP.  The  C/CrN  multilayer  coatings  are  composed  of  carbon 
granules,  compact,  and  dense.  Raman  spectroscopy  indicates  that 
the  carbon  coatings  possess  a  high  percentage  of  sp2  bond  as  well 
as  an  amorphous  structure.  The  ICR  results  disclose  superior 
surface  conductivity  due  to  high  percentage  of  sp2  bond  and  co¬ 
existence  of  the  CrN  coating.  The  values  range  from  2.6  to 
2.9  mQ-cm2  at  a  compaction  force  of  150  N  cm-2.  Increasing  the 
thickness  of  the  carbon  coatings  over  the  threshold  value  only 
improves  the  ICR  marginally.  The  potentiodynamic,  potentiostatic, 
and  ICP  results  provide  evidence  that  the  corrosion  resistance  is 
significantly  improved  by  the  C/CrN  multilayer  coatings  as  a  result 
of  the  high  chemical  inertness.  Our  results  also  disclose  that  the 
corrosion  resistance  is  closely  related  to  the  thickness  of  the  carbon 
coating.  A  carbon  coating  that  is  too  thin,  such  as  those  on  C/CrN-1 
and  C/CrN-2,  is  prone  to  pitting  corrosion  as  confirmed  by  SEM  and 
more  severe  release  of  metal  ions  during  the  potentiostatic  tests.  A 
C/CrN  multilayer  coating  with  a  minimum  thickness  of  800  nm  (C/ 
CrN-3)  is  required  to  provide  adequate  functionality  and  corrosion 
resistance.  Ultimately,  with  thinner  coating  and  faster  deposition 
process,  this  technology  is  suitable  for  manufacturing  of  low-cost 
and  high  performance  coating  for  metallic  bipolar  plates. 
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